Fluorescent compounds capable of staining cells selectively without affecting their viability are gaining importance in biology and medicine. Recently, a new family of optical dyes, denoted luminescent conjugated oligothiophenes (LCOs), has emerged as an interesting class of highly emissive molecules for studying various biological phenomena. Properly functionalized LCOs have been utilized for selective identification of disease-associated protein aggregates and for selective detection of distinct cells. Herein, we present data on differential staining of various cell types, including cancer cells. The differential staining observed with newly developed pentameric LCOs is attributed to distinct side chain functionalities along the thiophene backbone. Employing flow cytometry and fluorescence microscopy we examined a library of LCOs for stainability of a variety of cell lines. Among tested dyes we found promising candidates that showed strong or moderate capability to stain cells to different extent, depending on target cells. Hence, LCOs with diverse imidazole motifs along the thiophene backbone were identified as an interesting class of agents for staining of cancer cells, whereas LCOs with other amino acid side chains along the backbone showed a complete lack of staining for the cells included in the study. Furthermore, for p-HTMI,a LCO functionalized with methylated imidazole moieties, the staining was dependent on the p53 status of the cells, indicating that the molecular target for the dye is a cellular component regulated by p53. We foresee that functionalized LCOs will serve as a new class of optical ligands for fluorescent classification of cells and expand the toolbox of reagents for fluorescent live imaging of different cells. 
Abstract
Fluorescent compounds capable of staining cells selectively without affecting their viability are gaining importance in biology and medicine. Recently, a new family of optical dyes, denoted luminescent conjugated oligothiophenes (LCOs), has emerged as an interesting class of highly emissive molecules for studying various biological phenomena. Properly functionalized LCOs have been utilized for selective identification of disease-associated protein aggregates and for selective detection of distinct cells. Herein, we present data on differential staining of various cell types, including cancer cells. The differential staining observed with newly developed pentameric LCOs is attributed to distinct side chain functionalities along the thiophene backbone. Employing flow cytometry and fluorescence microscopy we examined a library of LCOs for stainability of a variety of cell lines. Among tested dyes we found promising candidates that showed strong or moderate capability to stain cells to different extent, depending on target cells. Hence, LCOs with diverse imidazole motifs along the thiophene backbone were identified as an interesting class of agents for staining of cancer cells, whereas LCOs with other amino acid side chains along the backbone showed a complete lack of staining for the cells included in the study. Furthermore, for p-HTMI,a LCO functionalized with methylated imidazole moieties, the staining was dependent on the p53 status of the cells, indicating that the molecular target for the dye is a cellular component regulated by p53. We foresee that functionalized LCOs will serve as a new class of optical ligands for fluorescent classification of cells and expand the toolbox of reagents for fluorescent live imaging of different cells.
INTRODUCTION
The ability of selective identification of biomolecules in various cells is undoubtedly of great importance. No less crucial is the use of proper probes that are characterized with high fluorescence and high photostability that allow detection of low-abundance biological structures with great sensitivity and selectivity. Most of these properties have been achieved by the development of luminescent conjugated oligothiophenes (LCOs). Oligothiophene molecules are well known mainly for their semi-conductive properties and their usefulness in photonics and organic electronics (1) . However these compounds have also been applied in fluorescent imaging of biological structures (2) (3) (4) (5) (6) (7) (8) (9) . The fact that they are generally nontoxic (2) additionally makes them even more suitable for cellular staining and real-time imaging with fluorescence microscopy. It has been shown that oligothiophene dyes can be successfully used in direct covalent labeling of distinct biomolecules, such as nucleosides and oligonucleosides, as well as proteins (3, 4) .
Besides covalent labeling of biomolecules, functionalized LCOs can also be applied as selective and specific ligands towards distinct biomolecular targets, such as protein aggregates or specific cells (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . LCOs allow for identification of protein aggregates associated with various degenerative diseases, such as Alzheimer´s disease (AD) or prion diseases, in a wide range of experimental models, as well as in vivo (5) (6) (7) (8) (9) . When LCOs interact with disease associated protein aggregates, the conformational freedom of the flexible thiophene backbone is restricted and the emission properties of the dyes are affected in a conformation-dependent manner (11) . Compared to other conventional ligands, LCOs has proven useful for a wider range of disease-associated heterogeneous protein aggregates, including protein inclusion bodies (12) (13) (14) (15) .
Luminescent conjugated polythiophenes (LCPs) have also been utilized for staining of cells. Lysosome-related acidic vacuoles were targeted in cultured primary cells by anionic, cationic, and zwitterionic polythiophene derivatives, whereas the targeting of lysosome-related acidic vesicles could not be demonstrated in malignant cells (9) . The anionic LCP, polythiophene acetic acid (PTAA), could also be used for vital staining of live cells. Recently, p-HTMI, a pentameric LCO functionalized with a methylated imidazole moiety, was identified as a potential marker for neural stem cells and glioma derived stem cells, whereas nonmethylated imidazole analogues were not functional, suggesting a crucial chemical side chain functionalization for the specificity of the molecule. Hence, LCOs with distinct side chain functionalities may provide a novel generation of molecular probes for immediate and specific detection of various cell types.
Herein, we screen a library of pentameric LCOs (Fig. 1A) towards various cell types, mostly cancer cells, with the aim of evaluating LCO staining propensity of cells by flow cytometry and fluorescent microscopy. The objective was to examine if various functionalized LCOs can be used for specific staining of distinct cell subpopulations, since fluorescent dyes that are able to distinguish for example cancer stem cells (CSCs) from a heterogenous population of cancer cells would bring a tremendous impact on further investigations in the field of stem cell biology. We found promising candidates that showed strong or moderate capability to stain cells to different extents, depending on the cell line. LCOs having diverse imidazole functionalizations along the thiophene backbone were identified as an interesting class of agents for cell staining of cancer-associated cells and for p-HTMI, a pentameric LCOs functionalized with methylated imidazole moieties, the staining was dependent on the p53 status of the cells (O. Hermansson, pers. communication). We foresee that properly functionalized LCOs will serve as new optical reagents for fluorescent classification of cancer-associated cells.
MATERIALS AND METHODS
Synthesis and Optical Characterization of Luminescent Conjugated Oligothiophenes p-HTAA, p-HTMI, and p-HTIm were synthesized as previously described (5) . p-HTEA, p-HTA-Histamine, p-HTA-Tyr, p-HTA-Arg, and p-HTA-Glu were synthesized in a similar fashion and the detailed synthesis and synthetic schemes of these dyes are provided in the supplementary material. All of the dyes were dissolved in deionized water to a final concentration of 1.5 mM, and further diluted to a final concentration of 1.5 μM with PBS. Emission spectra were collected between 450-650 nm using a Tecan Saphire 2 plate reader with excitation at 420 nm after 10 min of incubation. Similarly, excitation spectra between 300 and 500 nm were measured for all of the samples. ), K562 (chronic myelogenous leukemia cells), HEK-293 (human embryonic kidney cells) and primary human dermal fibroblasts. Cells were cultured either in RPMI-1640 medium (PAA, Austria) (SKBR-3, MDA-MB-468, K562) or in DMEM High Glucose (PAA, Austria) supplemented with 10% v/v inactivated fetal bovine serum (FBS) (PAA, Austria) and 1% v/v pencillin streptomycin (PS) (Gibco, USA) and maintained in 37˚C in humidified with 5% carbon dioxide. After reaching 70% to 80% confluency cells were trypsinised by Trypsin EDTA 1x (PAA, Austria) (or just collected as in a case of K562 cells growing in suspension) and exposed for oligothiophene staining.
Staining of Cells
Dyes were added to cells in culture medium at final concentration 1.5 µM. After 0.5 h of incubation at 37˚C in dark, cells were washed twice with PBS, re-suspended in fresh culture medium and analyzed using flow cytometry.
Flow Cytometric Analysis
Fluorescence was measured by a Gallios flow cytometer (Beckman Coulter) using FL1 channel. The number of events was stopped at 20,000 counts. Data collected from the experiments were analyzed using Kaluza (analysis software from Beckman Coulter).
Microscopic Analysis
Cells were seeded at a density of 5 × 10 4 on coverslips in 6-well plates and allowed to attach. After overnight incubation, medium was changed with fresh one and supplemented with 1.5 µM oligothiophene dyes. After 0.5 h of staining at 37 ˚C, cells were washed twice with PBS, fixed with 4% paraformaldehyde for 20 minutes at room temperature and again washed with PBS. To visualize nuclei localization cells were co-stained with DAPI (1µg/ml). Images were taken using confocal microscope (Zeiss). Alternatively, for live staining, dyes at the same concentrations were added to cells in culture and after approximately 30 minutes pictures were taken by JuLI™ fluorescent cell analyzer (10 × magnification).
RESULTS

Synthesis and Optical Characterization of Luminescent Conjugated Oligothiophenes
To achieve a library of LCOs, we designed a class of pentameric LCOs with distinct side chain functionalities and all LCOs ( Fig. 1) were synthesized using previously reported trimeric and pentameric building blocks (5) (Schemes 1 and 2, supplementary information). The anionic LCO, p-HTAA (Fig. 1A) , has two carboxyl moieties along the thiophene backbone, whereas p-HTEA (Fig. 1E) is functionalized with amine groups rendering a cationic LCO under physiological conditions. p-HTAA was further functionalized with four amino acid derivatives to achieve, p-HTA-Glu (Fig. 1D) , p-HTA-Arg (Fig. 1B , p-HTA-Tyr (Fig. 1C ) and p-HTAHistamine (Fig. 1F) . Furthermore, two additional LCOs, p-HTIm (Fig. 1G ) and p-HTMI (Fig.  1H) , having imidazole or methylated imidazole side chain functionalities were included in the library. In PBS pH 7.4, all the LCOs showed excitation and emission maxima around 380-400 nm and 515-530 nm, respectively (Fig. 1) . Hence, all LCOs showed a Stokes shift of approximately 140 nm. The minor spectral variation between the dyes is a consequence of the chemical modifications of the substituents attached to the pentameric thiophene scaffold.
Labeling of Cells by Luminescent Conjugated Oligothiophenes
Microscopic observations of cells treated with LCOs showed that tested dyes could be successfully used for staining both fixed ( Fig. 2A) and live (Fig. 2B) cells. Confocal imaging revealed that LCOs accumulate in cytoplasm and even if cells were previously permeabilized, dyes found their molecular targets only outside the nucleus. In a case of live staining, compounds were not toxic to examined cells, as number of viable cells did not change significantly even after 24 hours incubation with LCOs (>95% live cells, as measured by a trypan blue staining). Furthermore, the staining was stable on live cells for up to four days. Among eight tested LCOs two of them p-HTEA and p-HTIm, at a concentration of 1.5 µM, labeled cells with high intensity. These two dyes stained all examined cell lines and the fluorescence was only weaker in a case of fibroblasts. The rest of dyes showed much lower fluorescence level or no stainability at all.
The level of staining in cells was difficult to compare only by microscopy imaging, thus for quantitative analysis flow cytometer was used. It enabled us to monitor the integrated intensity of fluorescence for each cell, get the average intensity for cell populations and compare histograms (since fluorescence distributions provide more information than single values of mean or median) (Fig. 3) . In most cases we did not observe any partially stained populations e.g. multiple peaks or distributions with long tails. Histograms mostly comprised only one single peak, which suggests that examined cells uniformly stained with LCOs. Histograms differed however in their width, which tells that among labeled cells, some have higher fluorescence signal intensity than the others. However, for some cell lines (SKBR-3, MCF-7, HCT-116), staining by p-HTMI and p-HTAA showed that a fraction of cells (~1-2%) is stained more intensively than the main cell population (Fig. 3B) . Such observation was specific LCOs whose pentameric oligothiophene backbone was functionalized with the amino acids, Arg, Tyr, or Glu did not stain cells in a concentration of 1.5 µM or 3 µM, whereas p-HTMI, p-HTA-His and p-HTAA stained various cell lines to different extent. Notably, the three LCOs functionalized with distinct imidazole moieties, p-HTMI, p-HTIm and p-HTA-Histamine, stained the cells with different fluorescence intensity, despite their rather similar chemical structures. Hence, small modification of the imidazole side chain, such as adding methyl groups or attaching the imidazole moiety in different fashions (carbon or nitrogen) lead to altered staining properties of the pentameric LCO. Overall, we conclude that some LCOs seem to stain various cell lines at different level (p-HTAA, p-HTMI and p-HTA-histamine) whereas p-HTEA and p-HTIm showed strongest propensity to stain cells.
It is also worthy to notice that the normal cell line used in this study, primary human fibroblasts, showed very week stainability by a majority of tested LCOs. Only p-HTEA labeled fibroblasts on a similar level as other cells. The second strongest dye: p-HTIm stained only 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 100,00 99 
LCOs Staining of Cells with Different p53 Status
The next step of our studies was to investigate if LCOs' stainability could depend on the expression of some proteins important for the cell's functionality. For this purpose we chose colorectal cancer HCT1-116 cells that differ in the status of p53 expression. Both cell lines were stained by four dyes: p-HTAA, p-HTMI p-HTA-Histamine and p-HTIm. For the latter, working concentration was decreased from 1.5 µM to 0.25 μM to better visualize the differential staining propensity. As shown in figure 4 , more HCT116 WT cells were stained with p-HTAA, p-HTIm and p-HTA-Histamine than HCT116 p53
-/-cells. On the other hand, a higher percentage of labeled HCT116 p53 -/-than HCT116 wt cells was observed after staining with p-HTMI. Such a trend was not observed for any other dyes, suggesting that such staining is rather not a result of different condition of both cell types in a culture but that indeed there are some cellular components regulated by p53 that is the molecular target for p-HTMI.
Effect of Prolonged Cells Incubation with LCOs
After screening of all LCOs we checked whether a longer incubation with dyes might alter the staining characteristics. We limited the number of tested compounds to the ones that showed moderate or non-staining properties. Incubation of cells with compounds: p-HTA-Tyr, p-HTAArg, p-HTA-Glu, for 90 minutes did not result in the appearance of fluorescent signal. In the case of remaining LCOs, longer incubation generally caused higher level of fluorescence in cells (Fig. 5) . The highest increase of fluorescence was observed in a case of SKBR3 (breast cancer) and K562 (leukemia) cells incubated with p-HTA-Histamine and p-HTMI dyes (Fig. 5  AB) . These dyes, after 90 minutes of incubation, stained only 6% of fibroblasts.
For both K562 and SKBR-3 cells, we observed a similar kinetic of staining by LCOs: fluorescence increased rapidly during first 30-45 minutes and then cells were becoming saturated with dyes. Further incubation with staining agents caused only a small rise in the fluorescence. The exception is p-HTMI, which stained cells with increased intensity in a timedependent manner.
DISCUSSION
Our study focuses on characterization of a library of pentameric conjugated oligothiophenes towards different cell types. As shown in previous papers, LCOs have successfully stained protein aggregates associated with various degenerative diseases like prion or Alzheimer's disease (5-7) and detected intracellular inclusion bodies (12) . Here we have demonstrated that several LCOs (p-HTAA, p-HTEA, p-HTMI, p-HTA-Histamine and p-HTIm) can also be effectively used in cellular staining, making it possible to distinguish some type of cells from others. Our test of LCOs on various cell types revealed new propensities of examined oligothiophene molecules. Our experiments revealed that some cells stained with individual LCOs stronger than others. It was especially prominently visible in the case of p-HTA-Histamine, which preferentially stained K562 cells (Table 1) . On the other hand, also some similarities in staining pattern were observed; especially between cells from the same tumor types. Some LCOs stained the breast cancer lines: SKBR-3, and MDAMB-468 with a similar intensity, suggesting that alike molecular targets for the tested LCOs are present in both cell lines. Likewise, the discrepancy in LCO stainability for various cells line can be a result of different molecular targets or their different amount in examined cell types. LCOs are also known to distinguish conformational changes of peptides and proteins (11) thus it is also probable that LCOs binds with different affinity to the same protein that exists in altered conformation in different cells. As we know, conformation of protein or peptide depends not only on the order of amino acids but is also influenced by numerous factors in the surrounding.
As shown in our studies, compounds: p-HTA-Tyr, p-HTA-Arg, p-HTA-Glu, did not stain examined cells. It means that either these molecules could not enter the cell or they did not bind with sufficiently high affinity to any intracellular structures. It is rather unlikely that the size of LCO is the main obstacle for successful staining, as in previous studies it was demonstrated that cells can be stained by molecules of conjugated oligothiophenes with structures consisting of more than five thiophene rings (12) and also by luminescent conjugated polymers (9) of much higher molecular weights. Overall, our findings suggest that specificity towards distinct cells can be obtained through incorporation of a specific side chain functionalization along the pentameric thiophene backbone. Interestingly, we have also noticed that among the examined cell types, primary human dermal fibroblasts were the only cells that were almost completely unstainable by the tested LCOs. Although fibroblasts were stained by p-HTEA and p-HTIm, their fluorescence was considerably weaker than the fluorescence of the other cells stained by these dyes. Decreasing the concentration of p-HTEA and p-HTIm from 1.5 µM to 0.25 µM made fibroblast fluorescencenegative, whereas other cells still emitted fluorescent signal. Fibroblasts have been difficult to identify, especially in histological materials. Very frequently fibroblasts are identified only on a basis of their morphology (spindle shape) combined with positive staining for the mesenchymal marker vimentin (16) . A few antibodies have also been reported to recognize fibroblasts, some of which take advantage of fibroblasts as the major producer of collagen (17) . Inability of fibroblasts to be stained by pentameric LCOs is also in contrast to the results from a previous study using anionic and cationic polythiophenes (9) . The anionic polythiophene, PTAA, clearly labeled lysosome-related acidic vesicles in cultured primary fibroblasts, whereas these vesicles could not be demonstrated in transformed cells. Taken together, our results and the results from this earlier study (9) indicate that the length of the repetitive thiophene backbone is also a crucial determinant for selective staining of distinct cells. From this perspective, it will be interesting to test the library of pentameric LCOs, as well as LCOs with extended backbone on more types of normal and primary cells. One of the sought-after properties of new dyes in oncology is their ability to detect cancer stem cells (CSCs). The cancer stem cells concept states that cancer cells may include a subgroup of cancer propagating cells that have the ability of self-renewal and are capable of generating the diverse tumor cells (18) . CSCs have been isolated from several types of cancers, including but not limited to breast-, brain-, skin-, head & neck-, thyroid-, cervix-, retina-, lung cancer, and from leukemias and lymphomas (19) (20) (21) (22) . Surely, the efforts aimed at efficient targeting of CSCs by LCOs would be important for monitoring the progress of cancer therapy and for evaluating new therapeutic approaches. Our studies did not bring an explicit answer whether or not tested LCOs are able to mark selectively CSCs, however in a case of two molecules: p-HTMI and p-HTAA we observed that a relatively rare population of cells (in few cell lines) are stained more intensively than the bulk of cancer cells. Hypothetically, this subset of cells may represent cancer stem cell population, although certainly further experiments are necessary to back that hypothesis. The hypothesis is supported mainly by the previous data obtained on the aforementioned LCOs. Thus one cannot exclude that especially in breast cancer lines SKBR3 and MDAMB-468, and MCF-7, that are known for the presence of CSC, p-HTMI or p-HTAA are able to mark stem cells. Further experiments with co-labeling with specific markers of CSCs for each cell line and cell sorting will be carried out in the future. Recent data on co-localization of mutant p53 and amyloid-like protein aggregates presented by J. L Silva, and coworkers (23, 24) , together with fact that LCOs can mark amyloid structures prompted us to explore whether the lack of functional p53 in cells can alter the cell stainability by our newly developed LCOs. As p-HTAA is proven to be an amyloid ligand (5), we suggest that the decreased staining of HCT p53 -/-observed in our studies might be due to the presence of less aggregated p53 in cells. The situation seems to be more intriguing when it comes to staining by p-HTMI. We suspect that this LCO, as postulated previously, may have molecular targets in cells with stem-cell-like properties. The loss of p53 is more frequently associated with the stem cell-like cellular plasticity that in turn is suggested to drive tumor progression (25) (26) (27) . Observations that p53 suppresses the self-renewal of stem cells are common in various biological systems (28, 29) , but despite growing number of evidence linking p53 loss to stem-like phenotypes in cancer, the mechanism of p53 contribution to acquisition of stemness is still not fully understood (26) . If p-HTMI is indeed able to interact with biological structures involved in cell stemness, we believe that it may serve as an excellent marker of CSC in the future.
In conclusion, LCO's properties presented in this study make these dyes an alternative to conventional dyes and attractive candidates for further studies. We have shown that newly developed fluorescent conjugated oligothiophenes bind to cellular targets to different extent and thus are able to discriminate various types of cells, especially differing in p53 status. Since some genetic changes may have a profound effect on cell biology (30, 31) , LCO-derivates may be good candidates to detect specific genetic changes, based on cellular phenotype. Despite the present poor understanding of the mechanisms of phenomena studied here, LCOs should be considered as an important area of research. Investigations to determine molecular targets of LCOs are ongoing.
